We report the identification and partial characterization of the promoters for two chitinase genes from Streptomycesplicatus. Chitinases are a family of enzymes made by Streptomyces and other soil microbes to digest chitin, an abundant source of carbon and nitrogen in the soil. The promoter regions of two chitinases were defined by using transcriptional fusions to the xyLE reporter gene. Transcription was shown to be glucose-sensitive and chitin-dependent. Each promoter contains a putative RNA polymerase binding site with a recognition sequence very similar to that observed in many eubacterial vegetatively expressed genes. In both promoters, a pair of 12-base-pair direct repeat sequences overlap the putative RNA polymerase binding sites. Further analysis of one of the promoters revealed that a single-base change within the direct repeat sequences resulted in glucose-resistant, chitinindependent expression in vivo. In addition, the promoter region that includes the direct repeat sequences was shown to interact with a sequence-specific DNA binding factor in vitro. Similar direct repeat sequences are present in other chitinase genes recently characterized, and we suggest that these repeats may be involved in repression and induction for this entire class of catabolite-controlled genes.
While little is known about transcriptional regulation in Streptomyces, it is an area of active investigation. In many ways Streptomyces is similar to other bacteria. Several forms of RNA polymerase have been identified (1, 2) , and promoters that have putative RNA polymerase binding sites similar to known consensus sequences (3) have been described. Virtually nothing is known, however, about the way in which any cis-acting sequence regulates the expression of a given gene or how ancillary proteins are involved in activation or repression. Although there are likely to be similarities between Streptomyces and other bacteria, it is clear from studies to date that there are important differences. Catabolite control is one example. Catabolite control in this organism is not mediated by cAMP (4) , and glucose kinase may be required (5) . The glycerol (6) and galactose (7) utilization operons and the genes for agarase (8) and amylase (9) have been cloned from Streptomyces, and expression of all of these genes was shown to be repressed by glucose. Little is known, however, about the mechanism of this regulation, although, in the case of the glycerol utilization operon of Streptomyces coelicolor (6) , a repressor and operator similar to their counterparts in Escherichia coli (10) have been inferred. Several chitinase genes have also been cloned from Streptomyces and the gene products were shown to accumulate in cells grown on chitin as carbon source, but not in cells grown on glucose plus chitin (11) (12) (13) . Robbins et al. (11) showed that subclones of the chi63 gene, containing only 154 base pairs (bp) of DNA upstream of the translation start site of this gene, retained both chitin induction and glucose repression, making this an attractive system for further study.
Here we report the identification and partial characterization of promoters that direct expression of two chitinase genes from Streptomyces plicatus, chi63 and chi35.4 Using transcriptional fusions to a reporter gene, xylE (14) , we show that expression of both the chi63 and the chi35 genes is dependent on chitin and very sensitive to glucose in the presence of inducer. A more detailed analysis of the chi63 promoter suggests that regulation occurs at the level of transcription and that this regulation is mediated by sequences within the promoter region. The putative recognition sequence for RNA polymerase binding in chi63 is similar to that in the most common class of eubacterial promoters. Mutational analysis of the chi63 promoter identified a singlebase-pair substitution that resulted in glucose-resistant, chitin-independent expression. This mutation is outside the putative RNA polymerase binding site and may identify a site within the promoter that binds a repressor protein. The target for this binding may be a pair of perfect 12-bp direct repeat sequences, and preliminary data suggest that a DNA binding factor interacts in vitro with the promoter region that includes the direct repeat sequences. The recent cloning of several chitinase genes (11) (12) (13) has allowed a comparison of our promoter sequences with those of other chitinase genes from other species of Streptomyces, and we observe that identical or very similar direct repeats occur in these promoters.
METHODS AND MATERIALS
Strains and Growth Conditions. Streptomyces strains used were Streptomyces lividans 1326 (15) and S. plicatus (ATCC 27800) (12) . E. coli strains DH5aMCR (BRL) and DH5aF' (BRL) were used for propagation of plasmid and M13mpl9 DNA (BRL); JM109 (Promega) and BMH71-18 mutS (Promega) were used for mutagenesis. All DNA preparations and manipulations for Streptomyces (15) and E. coli (16) were grown at 30'C in modified minimal medium containing 1% glycerol (11) for 28 h, and samples of cells were transferred to fresh medium containing either 1% glycerol, 1% glucose, 1% chitin, or glucose plus chitin and grown for an additional 16 h. Catechol dioxygenase assays were performed as described (14) .
Primer Extension Analysis. Cultures for RNA isolation were grown as described for catechol dioxygenase assays, harvested by centrifugation, quick-cooled by addition of an equal volume of ice-cold M56 buffer (16) , collected by centrifugation, and washed once with M56 buffer. RNA extraction was as described (15) . For primer extension experiments, the primer, 5'-TGCCGCGGCTTTGTGTCT-GATACG-3', was complementary to the sequence at and downstream of the translation start site. RNA (50 ,ug) was hybridized with 5' end-labeled primer ( Electrophoretic Gel Mobility Shift Assays. To prepare cell extracts, S. lividans 1326 cultures were grown at 30°C in YEME medium (15) plus 34% (wt/vol) sucrose to late logarithmic phase, collected by centrifugation, and washed with buffer A (1) without KCl. A 23-g sample of cells that had been resuspended in buffer A was disrupted by passage through a French pressure cell at 15,000 psi (1 psi = 6.89 kPa). The lysed cell suspension was subjected to centrifugation for 90 min at 100,000 x g. The supernatant was applied to a 5-ml heparin-agarose column (2 x 5.5 cm), and the bound material was eluted with a 0.1-0.5 M linear KCl gradient in 50 ml of buffer A. Fractions were tested for DNA binding activity by using a synthetic DNA probe that had been end-labeled with T4 polynucleotide kinase. This probe was prepared from complementing oligonucleotides annealed to create doublestranded DNA corresponding to the wild-type sequence from -14 to -50 with respect to the apparent transcription start site of the chi63 promoter. Binding assays were done as described by Buratowski et al. (17) . Poly(dI-dC) (0.75 g&g) and a 100-fold molar excess of unlabeled probe were added to reaction mixtures as indicated.
RESULTS
Expression from chi63 and chi35 Promoters Is GlucoseSensitive and Chitin-Dependent. The chitinases from several Streptomyces species have been shown to be present in medium from cells grown on chitin as carbon source and absent in medium from cells grown on chitin plus glucose (11, 12) . Furthermore, Robbins et al. (11) had shown that subclones of the chi63 gene containing as few as 154 bp upstream ofthe translation start site ofchi63 retained chitin-dependent, glucose-sensitive expression in S. lividans. To investigate the mechanism of this regulation, DNA sequences upstream of the translation start sites of two chitinase genes from S. plicatus, chi63 and chi3S (11, 12) , were cloned into pXE3, a xylE promoter probe vector (14) , and introduced into S. lividans, a genetically well-defined strain. With the use of catechol dioxygenase assays, expression from these fusions was readily detected in cells grown on chitin as sole carbon source, whereas no expression was detected from cells grown on glycerol, glucose, or glucose plus chitin (Fig. 1) . We conclude from these experiments that glucose-sensitive, chitin-dependent expression of the chi63 and chi35 genes is directed from a cis-acting regulatory region contained within sequences from -400 to +400 with respect to the translation start site of chi63 and from -200 to +600 with respect to the translation start site of chi35. These data also indicate that regulation occurs at the level of transcription.
To identify the transcription start site of chi63, primer extension analysis was performed on RNA isolated from S.
plicatus. An apparent transcription start site was identified and is indicated in Fig. 2 . To determine whether regulated activity detected with the chi63-xylE fusions reflects transcription originating from the same site as that of the chromosomal copy of chi63, primer extension analysis was performed on RNA isolated from S. lividans containing the chi63-xylE fusion plasmid. The apparent transcription start site indicated from analysis of the chromosomal transcript in S. plicatus is indistinguishable from that for the chi63-xylE fusion in S. lividans ( Fig. 2A) . Primer extension analysis was also performed on RNA isolated from S. lividans strains containing the chi63-xylE that had been grown on chitin or chitin plus glucose. Primer extension product was readily detected by using RNA from chitin-grown cells, whereas no primer extension product was detected by using RNA from cells grown on chitin plus glucose (Fig. 2B) suggest that repression by glucose occurs at the level of transcription initiation.
Direct Repeat Sequences Are Implicated in Regulation. The DNA sequence of the chi63 promoter region reveals a potential RNA polymerase binding site (overlined in Fig. 3 ) with the sequence TTGACC centered around -35 and TATTCT centered around -10 bp with respect to the apparent transcription start site, with a spacing of 17 bp. The sequence and spacing of these potential recognition hexamers are similar to that in other Streptomyces promoters (3) . Overlapping the putative -35 region RNA polymerase binding site is a pair of perfect 12-bp direct repeats. Interestingly, similar direct repeat sequences appear in the chi35 promoter-containing fragment (Fig. 3) and in other chitinase promoters so far cloned from Streptomyces (see Discussion).
To investigate whether these direct repeat sequences were important for regulation of chi63, mutations were made in this sequence, and the effects of these mutations were assayed in vivo by using xylE transcriptional fusions. An oligonucleotide containing the DNA sequence from -13 to -49 with respect to the apparent transcription start site was synthesized in a way designed to introduce mutagenic changes only in the interval from -12 to -47 (the region spanned by the direct repeat sequences). The mutated promoter sequences were inserted upstream of the xylE gene and introduced into S. lividans by transformation. Approximately 3% of the transformants (6 out of 200) showed significant deregulation, as judged from increased expression from chi63 in the absence of inducer (increased yellow color of colonies tested with catechol). Further analysis of one such mutant, pXE60-1, resulting from a single-base change from a cytosine to an adenine at position -17 with respect to the apparent transcription start site, is shown in Fig. 4 . The results of quantitative catechol dioxygenase assays show that expression from this chi63 mutant is glucose-resistant and constitutive. Primer extension of transcript directed by the mutant promoter generated a product that was indistinguishable from wild type (data not shown), indicating that the mutation had not simply created a spurious RNA polymerase binding site. We conclude from these observations that a mutation within the direct repeat sequences results in deregulation of chi63 expression. This result supports the data obtained from fusions between chi63 and the xylE reporter gene, confirming that transcriptional regulation is directed from the promoter region and suggesting that regulation occurs at the level of transcription initiation.
A such a repressor. In an attempt to detect a protein that binds to this region of the promoter, an oligonucleotide that contained only the direct repeat sequences, from -14 to -50 with respect to the apparent transcription start site, was used as a probe in gel mobility shift experiments. To eliminate band shifts due to RNA polymerase binding, this oligonucleotide did not contain the putative -10 region binding site for RNA polymerase. Cell extracts of S. lividans fractionated over heparin-agarose (see Methods and Materials) were tested for mobility shift activity in the presence of a large molar excess of poly(dI-dC). As shown in Fig. 5 , a DNA binding factor was detected (lane 2). This binding was resistant to competition with nonspecific DNA, poly(dI-dC) (Fig.  5, lane 3) , and sensitive to competition with unlabeled probe (Fig. 5, lane 4) . These preliminary experiments suggest that the region of DNA upstream of the apparent transcription start site that contains the direct repeat sequences interacts with a DNA sequence-specific binding factor.
DISCUSSION
The data reported here provide evidence that expression of the chi63 and chi35 genes in Streptomyces is induced by chitin and strongly repressed by glucose. Transcriptional fusions between the promoters for these genes and the xylE reporter gene have allowed us to examine and manipulate single chitinase promoters in the presence of multiple chitinase genes in a given strain of Streptomyces. Analysis ofxylE fusions and primer extension analysis of in vivo RNA showed that regulated expression of these genes was directed from the promoter regions and occurs at the level of transcription. Streptomyces species, like other bacteria, have multiple forms of RNA polymerase that signal the recognition of different promoter sequences. DNA sequence analysis of the promoter of the chi63 gene reveals a putative RNA polymerase recognition sequence that is very similar to sequences that occur in the predominant class of eubacterial promoters (3) and are known to interact with the most abundant form of RNA polymerase in vegetatively growing cells. The chi63 promoter is probably recognized by a form of RNA polymerase in Streptomyces that interacts with promoters for a wide variety of genes. Although special a proteins have been identified in Streptomyces, it is not likely that a specialized ao protein is responsible for transcription of chi63. In support of the interpretation that regulation is directed from the promoter region and occurs at the level of transcription FIG. 5 . Electrophoretic gel mobility shift assays. A radiolabeled double-stranded oligonucleotide corresponding to the DNA sequence from -13 to -49 with respect to the apparent transcription start site of chi63 was incubated with cell extracts, prepared as described in Materials and Methods. These mixtures were subjected to electrophoresis in nondenaturing polyacrylamide gels followed by autoradiography. The probe (lane 1) was incubated with cell extract initiation is the fact that a single-base substitution in the promoter region results in glucose-resistant, constitutive expression. This mutation is outside the sequences presumably recognized by RNA polymerase and may define another target for regulation. Overlapping the putative RNA polymerase binding site is a 12-bp perfect direct repeat sequence. The mutation that results in constitutive expression is within the direct repeat sequence, and preliminary results indicate that a sequence-specific DNA binding factor interacts in vitro with the region of DNA that includes the direct repeats. These data implicate the direct repeat sequences as a possible target for binding a repressor that facilitates negative regulation of expression.
A great deal has been learned about mechanisms of gene regulation in E. coli from the study of carbon utilization operons. Even at this very early stage in the study of similar genes in Streptomyces, it is clear that mechanisms of gene regulation in these organisms are substantially different from E. coli. Streptomyces is a soil bacterium and relies primarily on complex carbohydrates as sources of carbon. Perhaps the study ofgenes involved in, for example, cellulose, chitin, and xylan utilization will tell us most about the fundamentals of growth-phase gene regulation in these organisms. These substrates are the most abundant carbon polymers on earth and are major constituents of the soil. The streptomycetes, like the fungi, depend on these substrates for growth, and interestingly, as in the fungi, glucose kinase and not cAMP seems to be involved in catabolite control in Streptomyces.
The occurrence of direct repeat sequences is relatively rare but certainly not unknown in the binding of regulatory proteins. For catabolite-controlled genes, the best examples 1888 Genetics: Delic et al.
are araC (18) and malT (19) . The AraC protein binds direct repeat sequences to effect both positive and negative regulation of the arabinose operon of E. coli. The direct repeat sequences in malT apparently serve to facilitate positive activation of transcription. While the presence of a pair of perfect 12-bp direct repeats in the chi63 promoter is striking, a closer inspection of these repeats reveals the presence of partial inverted repeats within the direct repeats (Fig. 3) . These inverted repeats are somewhat obvious in chi63, but are much less so for the other chitinase promoters that have good direct repeats (12, 13) . Our analysis has identified one mutation, at -17 with respect to the apparent transcription start site, that affects the direct repeat sequences only. Similar direct repeat sequences to those observed in the promoter region of chi63 are found in the region of the chi35 gene shown to contain promoter activity (see Fig. 3 ). Since the same or very similar direct repeat sequences appear in both of these promoters and, in fact, in all of the chitinase promoters analyzed to date (ref. 13 ; K. Miyashita, personal communication), we speculate that these genes are part of a regulon. Although we have not identified mutations that point to a role for the inverted repeat sequences, we cannot rule out their potential significance. The observation that a singlebase substitution resulted in glucose-resistant as well as chitin-independent expression suggests that the site of regulation is common to both levels of regulation. The simplest interpretation is that the mutation identifies an operator for a repressor that is induced by chitin and that glucose repression acts by simple inducer exclusion. Further mutational analysis of the region of the promoter containing the direct and inverted repeat sequences, as well as the identification of trans-acting mutations that affect regulation, should provide information about the mechanism of glucose repression and chitin induction of these promoters.
